To clarify a role of substance P (SP) in an endogenous pain control mechanism involving the rat striatum, striatal SP release was measured over time by microdialysis following intraplantar injection of 0.4% formalin. A slow-onset but significant increase of SP and neurokinin 1 receptor (NK1R) internalization in the contralateral striatum were observed following the second phase of formalin-induced nociceptive behaviors. Moreover, 60 min after formalin injection, preprotachykinin-A, the SP mRNA, and the immediate early gene cFOS were upregulated in the contralateral striatum. Continuous infusion of SP into the striatum by reverse microdialysis attenuated formalin-induced second phase, but not the first phase, nociceptive behaviors, and hind paw mechanical allodynia. Moreover, these anti-nociceptive effects of SP were completely inhibited by co-treatment with the NK1R antagonist CP96345. Acute microinjection of SP, however, at a dose that was similar to the total dose of SP continuously infused into the striatum, did not affect formalin-induced nociceptive behaviors. These data indicate that striatal NK1R activation leads to pain suppression rather than facilitation. Furthermore, volume transmission of SP in the striatum appears to be indispensable in the mechanism of pain control. Modulation of striatal NK1Rs could prove to be a useful method of inducing analgesia.
Introduction
The striatum is a major target of the basal ganglia and plays critical roles in motor functioning. In rodents, the majority (95%) of neurons in the striatum are GABAcontaining medium spiny neurons (MSNs) and comprised of two subpopulations that form two main efferent pathways (1 -3) . The MSNs mainly project to the medial globus pallidus and substantia nigra pars reticulata (direct pathway) and co-express the dopamine D 1 receptor and substance P (SP), whereas the striatopallidal MSNs project mainly to the lateral globus pallidus (indirect pathway) and co-express the dopamine D 2 receptor and enkephalin (4, 5) . The remaining striatal neurons are acetylcholine-containing large spiny interneurons, which express the neurokinin 1 receptor (NK1R) (1, 2, 6) . Previous studies reported that the majority of striatal neurons responded to noxious stimulation (7 -11) . In addition, an antinociceptive effect has been reported following the modulation of the striatal indirect pathway in the rat (12 -14) . Thus, the striatum is involved in not only the modulation of motor functioning but also involved in nociceptive processing.
SP is synthesized from preprotachykinin-A (PPT-A) mRNA and its preferred target, the NK1R, is expressed throughout the CNS, including the striatum, substantia nigra, and globus pallidus. Compared with other brain regions, the NK1R is expressed in abundance on striatal neurons (15 -18) . Recent studies have reported that a majority (around 50% -80%) of patients with Parkinson's disease, a neurodegenerative disorder in the basal ganglia, complained of various types of pain such as dystonic, radicular-neuropathic, and central neuropathic pain, which were unassociated with muscle rigidity, a major symptom of Parkinson's disease (19 -22) . Moreover, SP content was reduced in the striatum and in the cerebrospinal fluid (CSF) of Parkinson's disease patients (23, 24) . These data suggest SP expressed in the striatum might be involved in endogenous pain modulation. However, the mechanism underlying the antinociceptive effects of SP in striatum is as yet unclear.
In vivo microdialysis has been utilized to sample endogenous substances in the extracellular fluid in specific brain regions under resting and pathological conditions (25 -28) . In addition, it is also possible to adapt this technique to locally administer substances into the extracellular space through the microdialysis probe (29) . This technique has been applied extensively in neurotransmitter research. As SP is not taken up into neurons and glial cells, once released from neurons, SP is capable of leaving the synapse to stimulate distant, extra-synaptic NK1Rs (volume transmission) (30, 31) . Therefore, this technique could be suitable for investigating a potential role of striatal SP volume transmission in modulating nociception.
In the current study, to clarify a possible role of striatal SP in nociception, microdialysis techniques were used to both measure SP release and apply SP to the striatum and to investigate NK1R pharmacology in rats using the hind paw formalin test. Following hind paw formalin injection, a biphasic display of pain-related behaviors are expressed over time, an early "acute" phase and a late "tonic" phase. These phases are believed to be mediated by different neurological substrates (32, 33) . Thus, using the formalin test, it is possible to evaluate whether SP has different mechanistic roles depending on the pain state.
Materials and Methods
All animal procedures were performed in accordance with the Guidelines for Animal Experimentation, Hiroshima University and reviewed and approved by the Committee of Research Facilities for Laboratory Animal Sciences, Graduate School of Biomedical Sciences, Hiroshima University, Japan.
In vivo microdialysis
Under sodium pentobarbital anesthesia (50 mg/kg, intraperitoneal injection), each rat was unilaterally implanted with a microdialysis guide cannula [CG-4, outer diameter (o.d.) of 0.50 mm; Eicom, Kyoto] into the striatum (0.26-mm caudal to bregma, 4.0-mm lateral to the midline, 7.0-mm below the surface of the skull) (34) . After surgery, the rats were individually housed in cages during the recovery period for at least 5 days. Microdialysis experiments were performed in unanesthetized and freely moving rats. Microdialysis probes [dialysis membrane: length, 3.0 mm; o.d., 0.31 mm; internal diameter (i.d.), 0.22 mm; C-M-4-03HP; Eicom] were inserted through the guide cannula and continuously perfused with sterile artificial cerebrospinal fluid (aCSF:7.4 g/L NaCl, 0.19 g/L KCl, 0.19 g/L MgCl 2 , and 0.14 g/L CaCl 2 ) at a flow rate of l μL/min using a microinfusion pump (Eicom) beginning 1 h before formalin injection and continuing 4 h post-formalin injection (total infusion time of 5 h). The tip of the microdialysis probe protruded 3.0 mm from the tip of the guide cannula to reach the striatum. Dialysates were collected every 60 min in a tube on ice, and subsequent measurements of SP content were performed with a highly sensitive radioimmunoassay procedure. The detection limit of the assay was 10 pg per sample (35) .
Formalin test
Behavioral testing was performed in adult, male Wistar rats (6 weeks of age) after one week of acclimation to the housing facility. Prior to the measurement of formalin-induced nociceptive behaviors, each rat was acclimated in the test cylinder (30-cm diameter, 30-cm-high) for 30 min. The rats were then given an intraplantar (i.pl.) injection of 0.4% formalin (200 μL) into the hind paw contralateral to the implanted cannula. The time spent displaying nociceptive behaviors such as lifting, licking, and hind paw biting was recorded (in seconds) for each 5-min period for 120 min postformalin injection. To determine if local anesthetic block would affect striatal SP-NK1R neurotransmission, in some rats, pretreatment with lidocaine (20 mg/mL, 100 μL, i.pl.) was performed 30 min before formalin injection.
In a subset of formalin-injected rats, edema of the injected hind paw and withdrawal thresholds were assessed with calibrated calipers and von Frey filaments, respectively. The dorsal plantar paw thickness was measured to 0.01 mm. The plantar surface of the hind paws was probed with a von Frey monofilament (Natsume Seisakusho Co., Tokyo) starting with a filament that exerts a force of 0.16 g. When the animal responded to the filament (which included lifting and licking of the hind paw), the next lower force von Frey filament was used. Each hind paw was tested three times. If the animal did not respond, the next higher force von Frey filament was applied. Paw edema and mechanical withdrawal threshold were defined as the percent compared with the baseline value (prior to formalin injection). Paw thickness and mechanical threshold were measured 120 min after formalin injection.
Immunohistochemistry
Under sodium pentobarbital anesthesia (50 mg/kg, i.p.; Dainippon Sumitomo Pharma, Osaka), rats were transcardially perfused with 50 mL of saline followed by 150 mL of freshly prepared 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer (pH = 7.4). The brains were quickly removed and postfixed in the same fixative solution for three days at 4°C and then cryoprotected overnight in 30% (w/v) sucrose in 0.1 M phosphate buffer at 4°C. Tissues were embedded in Tissue-Tek OCT compound 4583 (Sakura Finetech, Tokyo) and frozen in liquid nitrogen, cut serially (20-μm-thickness) in a cryostat, and sections were collected onto glass slides (MAS-GP type A; Matsunami Glass, Osaka). After slides were dried at room temperature, tissue sections were processed for double-labeling immunohistochemistry for the NK1R and NeuN (a marker for neurons). The tissue sections were rinsed with phosphatebuffered saline, incubated in a blocking solution of 10% goat serum, 3% bovine serum albumin, 0.1% Triton X, and 0.05% Tween-20 in phosphate-buffered saline for 2 h at room temperature and then incubated with a mixture of rabbit anti-NK1R antibody (1:1000) and mouse anti-NeuN antibody (1:1000) for 72 h at 4°C, followed by the corresponding secondary antibodies (1:200) conjugated with either Alexa 488 or 555 for 2 h at 4°C in a dark chamber. The sections were then extensively washed in phosphate-buffered saline and then coverslipped. Sections were examined with a BZ-9000 Biorevo all-in-one fluorescence microscope (Keyence, Elmwood Park, NJ, USA).
The immunogen for the current NK1R antibody corresponded to the C-terminus (amino acids 393 -407) of the rat NK1R and has been used in immunocytochemistry and western blotting elsewhere (36, 37) . Other studies that used a similar antibody that recognizes the C-terminus (393 -407) of the NK1R have demonstrated robust immunostaining of neuronal dendrites and soma and no immunostaining observed in glia (38) . In addition, NK1R internalization is visible using antibodies that were raised against the C-terminus (393 -407) (39) .
To confirm that the primary NK1R antibody is selective for the C-terminus (393 -407) of the NK1R, the antibody was preabsorbed with peptide (10 μg/mL) and rat striatum was immunostained with preabsorbed antibody. There was a lack of NK1R immunostaining with preabsorbed antibody ( Supplementary Fig. 1 , available in the online version only). Also, to verify that the secondary antibody did not nonspecifically label tissues, the primary antibody was omitted in the immunostaining protocol. No immunostaining was observed with the omission of primary antibody ( Supplementary Fig. 1 ).
Western blot analysis
For western blot analysis, rats were deeply anesthetized, the brains rapidly removed and the striatum dissected. The lysates from striatum were processed for western blot analysis as previously described (40) . Forty μg of total protein was used to detect individual proteins.
Blots were incubated in primary antibodies against the NK1R (1:5000) and β-action (1:10,000). Horseradish peroxidase-conjugated anti-rabbit secondary antibodies (1:2500) were used for chemiluminescence detection according to the manufacturer's instructions. The specific bands of NK1R and β-actin were detected at position of 46 and 42 kDa, respectively.
Real-time PCR analysis
cDNA synthesized using 0.6 μg of total RNA in each sample were subjected to real-time PCR assay with each specific primer and Express SYBR ® Green ER TM q PCR Supermix (Invitrogen, Burlington, ON, Canada). The sequences of the primers are indicated in Table 1 . Realtime PCR assays were conducted using a DNA engine Opticon 2 real-time PCR detection system (Bio-Rad, Tokyo). The three-step amplification protocol consisted of 3 min at 95°C followed by 40 cycles at 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. RNA quantities of the target genes were calculated by the Ct method. The Ct values of striatum gene amplification were normalized to those of glyceraldehyde-3phosphate dehydrogenase (GAPDH) amplification. The striatal mRNAs levels were defined as the percent compared with the values from striatum ipsilateral to the formalin-injected hind paw. 
Drug application via microdialysis or single injection
SP and the NK1R antagonist CP96345 were administered into the striatum via the dialysis probe at a rate 1 μL/min beginning 1 h before formalin injection and continued 2 h post-formalin injection (total infusion time of 3 h). Different concentrations of SP and CP96345 were administered in a cumulative fashion. The drug concentration in the tissue after infusion is diluted about 100 times lower than what is in the microdialysis probe because of the gradient of drug across the dialysis membrane, and subsequent diffusion into the tissue (41 -45) . Drugs were dissolved in aCSF on the day of the experiment at a concentration of 100-fold higher than what will be used. For acute microinjection, an injection cannula (length, 5.0 mm; o.d., 0.66 mm; i.d., 0.53 mm) was inserted into the guide cannula (the injection cannula protruded 4.0 mm beyond the tip of guide cannula). Pretreatment with drugs by microinjection was performed 5 min before formalin injection and at rate of 1 μL/min in a total volume of 1 μL.
As far as the distribution of drug infused via microdialysis in tissue, a recent study suggests that the distribution is limited to a distance of up to about 1 mm around the tip of the microdialysis probe (29) . The area of distribution in the striatum was also confirmed by perfusing dye into the striatum for 3 h, and perfusion with SP into striatum had no effect on NK1R internalization in rat frontal motor cortex (data not shown). Thus, drug application into the striatum by reverse microdialysis in the current study was strictly limited to the striatum.
Histology
Following behavioral assessment, the locations of the microdialysis probes were histologically verified ( Fig. 1B ). For the microinjection cannula, 0.1% bromphenol blue was injected into the cannula and the brain was dissected. The presence of dye in the striatum confirmed proper placement of the guide cannula. Successful location of the probe in the striatum was determined based on the region defined by a brain atlas (34) .
Materials
Anti-mouse IgG horseradish peroxidase-linked antibody (Cat. #7074S, Lot. #H0111) and anti-rabbit IgG horseradish peroxidaselinked antibody (Cat. #7074S, Lot. #C2812; Cell Signaling Technology, Beverly, MA, USA); goat anti-rabbit IgG antibody (Alexa Fluor 555, Cat. #A-21428, Lot. #853493) and goat anti-mouse IgG antibody (Alexa Fluor 488, Cat. #A-11001, Lot. #877595; Invitrogen); anti-mouse NeuN antibody (Cat. #ABN78, Lot. #LV1825845; Millipore Corporation, Bedford, MA, USA); [ 125 I-Try 8 ]-SP (81.4 TBq/mmol; New England Nuclear, Boston, MA, USA); bacitracin, bovine serum albumin and captopril (Nissui, Tokyo); SP (Peptide Institute, Inc., Osaka); CP96345, a NK1R antagonist (Pfizer Central Research, Groton, CT, USA); phosphoramidon (Promega, Madison, WI, USA); anti-rabbit NK1R antibody (Cat. #S8305, Lot. #084K4845), antimouse β-actin antibody (Cat. #A5441, Lot. #055K4854), formaldehyde and lidocaine (Sigma Aldrich Co., St. Louis, MO, USA). All other reagents were of the highest purity available from commercial sources.
Statistical analysis
Values are expressed as mean ± S.E.M. Comparisons of paw edema and expression of the striatal mRNAs were performed using Student's t-test. The data from the formalin test and in vivo microdialysis data were analyzed using two-way analysis of variance (ANOVA) for repeated measures (treatment × time) followed by the Tukey-Kramer test for post hoc comparisons, while data from the other experiments (comparisons between treatments) were analyzed using a one-way ANOVA followed by the Tukey-Kramer test for post hoc comparisons. A probability value (p) of less than 0.05 was considered to be statistically significant.
Results

Intraplantar injection with formalin evokes SP release in the rat striatum
Radioimmunoassay (RIA) was used to quantify the amount of SP by in aCSF from the outflow of the microdialysis probes. The perfusion rate was set to 1 μL/min and a total volume of 60 μL over 60 min was collected. SP collected under basal conditions was consistently detected in the striatum (29.18 ± 6.72 pg per 60 min sample). Even with the use of a dialysis membrane with a high molecular weight cut-off (approximately 30,000 daltons), recovery of SP from extracellular fluid in the rat striatum was 0.28% ± 0.04% using the current experimental method (Fig. 1C) .
A biphasic response to hind paw formalin injection was observed, an "acute" and "tonic" phase, characterized by nociceptive behaviors, including lifting, licking, and biting of the hind paw. The duration of nociceptive behaviors evoked by formalin over time was significantly greater than that evoked by hind paw saline injection (F 1, 96 = 873.25, P < 0.001, two-way ANOVA for repeated measures; Fig. 2A ). Moreover, hind paw formalin injection significantly increased paw size, compared with saline injection (basal paw thickness: 4.4 ± 0.1 mm, P < 0.05, Student's t-test; Fig. 2B ).
Hind paw formalin injection produced a significant increase in extracellular SP levels (206.37% ± 34.22% over basal levels) in the contralateral striatum (F 1, 45 = 4.64, P < 0.05, compared with saline-treated rats, twoway ANOVA for repeated measures), but not the ipsilateral striatum (F 1, 35 = 1.03, P > 0.05, compared with saline-treated rats, two-way ANOVA for repeated measures), during the period between 2 -3 h after formalin injection (Fig. 3A) . The increase in extracellular SP in the contralateral striatum following formalin injection is also significantly higher than SP levels from contralateral striatum from rats that were injected in the hind paw with saline ( Fig. 3B ). Thus, hind paw injection with saline and, by implication, an acute needle stick alone, is not sufficient to induce a significant release of SP in the contralateral striatum. Robust NK1R internalization was observed following i.pl. injection with formalin. Figure 4 , A -E shows representative fluorescence photomicrographs of rat striatal neurons after i.pl. injection with either saline (120 min post-injection, Fig. 4A ) or formalin (5, 60, 120 min post-injection; Fig. 4 : B -E). Neurons, labeled with NeuN, in the contralateral striatum after injection with saline, showed a distinct ring of immunostaining on the soma, suggesting that NK1Rs were limited externally to the cell membrane (e.g., Fig. 4A ). By contrast, in contralateral striatal neurons from rats 120 min after formalin injection (Fig. 4D) , immunostaining on the cell membrane was abolished, indicating NK1R internalization, as observed in previous studies both in vitro and in vivo (46 -49) . Receptor internalization was not observed, however, 5 and 60 min post-formalin injection ( Fig. 4: B, C) . Moreover, formalin injection did not induce NK1R internalization in ipsilateral striatal neurons (Fig. 4E ). As demonstrated by western blotting, the total amount of NK1R expression in striatum was not changed by i.pl. formalin injection (Fig. 4F) . These data indicate that i.pl. formalin injection leads to SP release, as suggested by NK1R internalization, which is limited to the contralateral striatum.
Treatment with formalin induced the expression of PPT-A and cFOS in rat striatum
To determine if the i.pl. formalin-induced increase in extracellular SP was due to increased expression of striatal PPT-A, PPT-A was measured. A significant upregulation of PPT-A mRNA in the contralateral striatum occurred 60 min following hind paw formalin injection (177.12% ± 22.98%, P < 0.05, compared with saline-treated rats; Fig. 5B ). Expression of cFOS mRNA, a marker for neuronal activity, also increased in the contralateral striatum 60 min, but not 5 min after formalin injection (185.55% ± 32.79%, P < 0.05 compared with saline-treated rats; Fig. 5B ). By contrast, expression of preproenkephalin (PPE) mRNA, a gene that is abundantly expressed in the striatum, was unchanged by hind paw formalin injection (89.14% ± 8.47%, P > 0.05, compared with saline-treated rats; Fig. 5B ). Hind paw saline injection did not significantly affect expression of the mRNAs under investigation.
Influence of lidocaine on formalin-induced SP release in the striatum
To confirm that the activity of primary afferent nociceptors following hind paw formalin injection is necessary to evoke SP release in the striatum, rats were pretreated with lidocaine (20 mg/mL, 100 μL i.pl.). Lidocaine pretreatment significantly suppressed formalininduced SP release in the striatum (F 1, 40 = 5.60, P < 0.05, two-way ANOVA for repeated measures; Fig. 6A ). The dose of i.pl. lidocaine used was also sufficient to completely inhibit formalin-induced nociceptive behaviors (Fig. 6C) .
Pharmacological studies of the striatal NK1R in formalin-induced nociception
The current microdialysis data indicates a continuous rather than acute increase in striatal SP following an acute hind paw injection of formalin. Thus, the effect of continuous infusion of exogenous SP into the striatum by reverse microdialysis on formalin-induced biphasic nociceptive behaviors was examined. Treatments with regents were administered into the striatum beginning 1 h before formalin injection and continued 2-h postinjection (a total infusion time of 3 h). Interestingly, continuous infusion with SP (0.4 or 4 μg/mL in microdialysis fiber, 1 μL/min) into the striatum significantly reduced the formalin-induced nociceptive behaviors of the second, but not the first, phase (F 1, 312 = 91.59 and F 1, 312 = 55.70, respectively, P < 0.01, two-way ANOVA for repeated measures; Fig. 7A ). By contrast, continuous infusion with the NK1R antagonist CP96345 (10 or 100 μM in the microdialysis fiber, 1 μL/min) significantly increased formalin-induced nociceptive behaviors in both phases, and, furthermore, prolonged the duration of second phase (F 1, 288 = 58.41 and F 1, 288 = 95.34, respectively, P < 0.01, two-way ANOVA for repeated measures; Fig. 7C ). Moreover, the effects of SP and CP96345 canceled each other when co-administered (F 1, 312 = 4.50, P < 0.05, two-way ANOVA for repeated measures; Fig. 7E ).
A single, acute microinjection into the striatum of 1 ng SP, an amount similar that used for continuous infusion, had no effect on formalin-induced nociceptive behaviors (F 1, 96 = 1.76, P > 0.05, two-way ANOVA for repeated measures; Fig. 8A ).
The effects of continuous infusion of SP into the striatum on other pain-related symptoms caused by formalin, such as mechanical allodynia, and formalininduced inflammation (paw edema) were evaluated (50, 51) . Hind paw withdrawal thresholds (pre-formalin injection thresholds: 10.83 ± 3.49 g) were significantly reduced 2 h after formalin injection (Fig. 9A ). Continuous infusion with SP (0.4 μg/mL, 1 μL/min) significantly increased withdrawal thresholds, thereby reversing formalin-induced mechanical allodynia (P < 0.01, com- pared with aCSF treatment). Furthermore, simultaneous infusion with CP96345 significantly attenuated the antinociceptive effect of SP (P < 0.01, compared with SP treatment). Formalin evoked a significant edema in the injected hind paw. Continuous infusion of either SP, CP96345, or a co-treatment into the striatum had no effect on the formalin-induced paw edema (Fig. 9B) .
SP-induced NK1R internalization in striatal neurons
The effect of continuous infusion of SP on NK1R internalization was evaluated. Infusion of aCSF alone had no effect on receptor internalization (Fig. 10A ). However, continuous infusion of SP (0.4 μg/mL) into the striatum for 3 h led to NK1R internalization in striatal neurons (Fig. 10B ). Furthermore, co-treatment with CP96345 (10 μM) inhibited the SP-induced NK1R internalization (Fig. 10C) . The total amount of NK1R protein in rat striatum was not affected, indicating a lack of either receptor degradation or receptor synthesis, by continuous infusion of SP (Fig. 10F) .
To confirm that hind paw formalin injection lead to a release of SP in the striatum, CP96345 was infused into the striatum, and then formalin was injected into the hind paw. Figure 10D demonstrates NK1R internalization following hind paw formalin injection in rats infused with aCSF. Continuous striatal infusion with CP96345 prior to formalin injection inhibited the formalin-induced NK1R internalization, confirming that SP is released in the striatum in response to hind paw formalin injection (Fig. 10E ).
Discussion
The current study demonstrated that a noxious chemical stimulus into the hind paw evoked a significant release of SP in the contralateral striatum. Previous studies using microdialysis reported that noxious stimuli induced the release of neurotransmitters, such as dopamine and glutamate, in the brain (27, 52) . In the current study, a collection time of 60 min was required to obtain measurable extracellular SP from the striatum. Collection of brain SP is challenging since its relative amount is less than that of other neurotransmitters such as monoamines and amino acids. Agnati et al. hypothesized that there were two distinct types of intercellular communication in the brain-"wiring" and "volume transmission" (53) . Monoamines and amino acids are usually involved in wiring transmission, whereas neuropeptides and growth factors are usually involved in volume transmission. In contrast to small-molecule neurotransmitters, the neuropeptides are characterized as having high affinity (pM to low nM) for their receptors, lacking in a reuptake mechanism to terminate their activity, and having long-lasting (seconds to minutes) modulatory effects on large neuronal-glial cell networks (30, 31) . SP could be released not only from axon terminals but from anywhere along the surface of SP-containing neurons and potentially reach distant targets sites via diffusion in the extracellular space (volume transmission). The current data demonstrate that peripheral noxious stimulation with formalin evokes activity of peptide containing brain neurons. An additional finding is that continuous infusion with SP into the striatum reduced diverse painrelated symptoms including formalin-induced hind paw licking and lifting and mechanical allodynia, whereas continuous infusion with a NK1R antagonist increased formalin-induced nociceptive behaviors. The present results confirm, via neurochemistry and gene expression, a pathway that transmits nociceptive signals from peripheral tissues to the contralateral striatum. Furthermore, nociceptive processing, particularly of injury-induced pain, in the striatum significantly involves the tachykinin system, in both the release of SP and activation of the NK1R.
Nociception-evoked SP release in the striatum via sensory neurons
Nociceptive signals from peripheral tissues enter the dorsal horn via primary afferent sensory neurons, which synapse with nociceptive dorsal horn neurons that in turn cross over the midline and send projections to the supraspinal nuclei by way of the ventrolateral tract (54, 55) . Functional brain imaging studies, including functional magnetic resonance imaging and autoradiography, documented increased neuronal activity in the striatum contralateral to the injury in animal models of peripheral nerve injury and striatum contralateral to the hind paw injected with formalin (7 -9) . The current data indicate that an acute injury caused by formalin injection activates supraspinal pain processing in addition to the wellcharacterized activities at the level of primary afferents and the spinal dorsal horn (56, 57) . By contrast, a brief noxious stimulus (needle stick) is not sufficient to activate these processes and perception of such pain is likely modulated through "normal" mechanisms. Furthermore, the blocking of primary afferent input is sufficient to significantly suppress supraspinal pain processing. In the current study, i.pl. pretreatment with the local anesthetic lidocaine, inhibited both formalininduced nociceptive behaviors and SP release in the striatum. While suppressing pain processing at the level of primary afferents is of clinical significance, few such drugs are available for regular, long-term use in the treatment of chronic pain. Further elaboration of nociceptive processing at other points along the neuraxis could lead to the development of clinically useful analgesics.
The current data suggests that hind paw tissue injury leads to generalized neural activation in the contralateral striatum but not a generalized upregulation of genes. Intraplantar formalin-induced SP release in the striatum was preceded by an up-regulation of PPT-A mRNA. While the immediate early gene cFOS and PPT-A mRNA were increased, PPE mRNA was not increased, despite the fact that PPE mRNA is highly abundant in the striatum (58) . Thus, it appears that the effect of formalin on striatal gene expression in the current study could be limited to particular neurotransmitter systems. The neurochemical mechanism that mediates the upregulation in PPT-A in the rat striatum, however, is unclear. One possible mechanism could be the dopaminergic system. Recently, several studies have demonstrated that nociceptive stimuli induced dopamine release in the contralateral striatum in rats, and activation of the dopamine D 1 receptor modulates the expression of PPT-A mRNA (52, 59, 60) . Thus, these data raise the possibility that i.pl. injection of formalin induced SP release in the striatum through the release of dopamine and subsequent activation of the dopamine D 1 receptor and also raises the possibility of an involvement of the striatal dopaminergic system in pain processing. Further evaluation with dopamine receptor antagonists on gene expression and SP release will be needed to confirm this possibility.
It could be argued that internalization as visualized by immunocytochemistry is in fact a degradation process. The current study used western blotting to confirm that neither NK1R degradation nor upregulation occurred following either hind paw formalin injection or continuous SP infusion. Furthermore, the lack of an upregulation of NK1R protein indirectly supports the observation that, despite the increase in cFOS expression in the striatum following hind paw formalin injection, the striatal response to peripheral tissue injury did not generalize to all pain-related molecules, including the NK1R.
Continuous administration of SP in volume transmission mode in the striatum
The present study used continuous infusion of SP and CP96345 into the striatum by reverse microdialysis. There are a few technical aspects concerning the drugs and drug administration method used that need to be considered. In this study, SP was used rather than other tachykinin peptides, such as neurokinin A and B, which are more selective for the NK1R, because the actions of the endogenous ligand were of interest. While the selective non-peptide NK1R antagonist CP96345 is potent against the NK1R, the actual concentration of the drug delivered by microdialysis into the striatum in the current study is not accurately known (49, 61) . Thus it is possible that the concentration of CP96345 in the tissue was higher than that of its effective inhibitory constant and that the effects of CP96345 were mediated by off-target activity. Nonetheless, microdialysis offers several advantages, including continued drug delivery and steady-state levels without a volume effect (62) . Thus, perfusion via microdialysis is suggested as a method by which to physiologically model volume transmission of neuropeptides and growth factors in the brain.
Role of striatal NK1Rs in antinociception
There is widespread acceptance that SP has positive effects in physiological and pathological conditions, as a neuroprotective and antinociceptive peptide in both in vivo and in vitro assays (63 -65) . In a recent study, Parenti et al. reported that intracerebroventricular injection of SP reduced hind paw carrageenan-induced mechanical allodynia and heat hyperalgesia, and this antinociceptive effect was prevented by pre-treatment with a selective NK1R antagonist (64) . In the current study, continuous infusion of SP into the striatum reduced both formalin-induced nociceptive behaviors and mechanical allodynia, whereas continuous administration with NK1R antagonist increased formalininduced nociceptive behaviors. Furthermore, the SPmediated effects were inhibited with the co-treatment of a NK1R antagonist, confirming a receptor-mediated mechanism. To test whether SP is involved in wired transmission, SP was injected acutely, at a dose similar to the dose of continuously infused SP, into the striatum. A single injection of SP into the striatum had absolutely no effect on formalin-induced nociceptive behaviors, indicating that under physiological conditions, volumerather than wired-transmission underlies the effect of SP in the striatum.
In total, these data indicate that endogenous SP, acting through volume transmission in the striatum, could exert an antinociceptive effect via continuous activation of the NK1R. Conversely, continuous blockade of the NK1R increased formalin-induced nociceptive behaviors in both phases, and prolonged the duration of the second phase. This suggests a tonic release of SP and activation of NK1R in the striatum. While a basal level of immunoreactive SP was detected using microdialysis, widespread NK1R internalization in the uninjured state was not observed. The mechanism that mediates the continuous activation of NK1Rs in the rat striatum is as yet unclear. Previous studies demonstrated that SP increased the release of acetylcholine in the striatum and selectively modulated GABAergic MSN via striatal cholinergic interneurons (66, 67) . In addition, the antinociceptive effects were mediated by activation of D 2 receptors and transmitted through the basal ganglia indirect pathway (12 -14) . Thus, there is the possibility that SP regulates cholinergic interneurons activity in the striatum and subsequent modulation of the indirect striatal pathway. The region-specific effects of SP could explain the lack of effectiveness observed in the clinical evaluation of NK1 antagonists as analgesics, since paradoxically, NK1R activity in the striatum is necessary for anti-nociception (68) .
In conclusion, the current study showed that nociception evoked up-regulation of PPT-A and release of SP in the striatum. Furthermore, continuous activation of NK1R by SP activates an endogenous antinociceptive mechanism. These data demonstrate that the striatum is an important brain area that modulates nociception and suggests that the modulation of the SP-NK1R system in the striatum could prove to be a potent therapeutic target for patients with chronic pain.
